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Abstract 

The determination of mechanical and fracture properties of anisotropic tubular materials along hoop direction needs the use of the 
ring hoop tensile test, for which, the obtained results are deceived by the effect of friction between the ring sample and the D- 
shaped block mandrel. Commonly, lubricants are applied to reduce the friction, which are inefficient in some specific cases; 
despite of that, it was noticed that scarce works have focused on the development of new mechanical mandrel designs or trying to 
improve the current ones to resolve the friction concern. The aim of this research is to correctly address the friction issue between 
the ring sample and the fixture mandrel to significantly reduce its effect on the ring hoop tensile test results without using any kind 
of lubricants. New mechanical design of D-shaped block mandrels are developed to carry out ring hoop tensile tests to simply 
characterize the mechanical behaviour of tubular materials. New mechanical D-shaped block mandrels were designed, 
manufactured and used to carry out experimental ring hoop tensile tests. An inverse identification method based on an artificial 
neural network trained by finite element simulation responses, was developed to efficiently segregate the flow stress curve from 
the influence of the friction, inherent in the global force-displacement curve for the classical ring hoop tensile test. The exper- 
imental force — displacement curves using five mandrel-types are established and quantitatively compared on the base of their 
ability to reduce the friction issue. The analysis of the finite element simulations, related to the investigation of the influence of the 
friction on the ring hoop tensile test results, shows that one of the new developed mandrels reduces the friction coefficient by 
about 10 times compared to that identified using the classical D-shaped block mandrel. It has been found that, the finite element 
simulation of ring hoop tensile test using the identified material parameters matches the experimental results. This investigation 
provides a useful fixture mandrel, which is able to drastically reduce the friction without resort to any lubricants to just determine 
the material flow stress curve using ring hoop tensile test, regardless the friction level between the sample and mandrel. 


Keywords Mechanical design - Friction - Parameter identification - Artificial neural network - Finite element analysis - Digital 
image correlation 


Introduction better understanding of the mechanical behaviour of the tubes 


during plastic deformation subjected to various loading paths. 


Metallic tubes and pipes are widely used in many engineering 
fields like oil, automotive and nuclear industries. Engineers 
dealing with metallic tube manufacturing processes require a 
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The manufacturing processes of tubular products induce plastic 
anisotropy texture and strain hardening that should be charac- 
terized for further usage as input data for numerical simulation 
of tube manufacturing processes. Thus, owing to the anisotropy 
feature of these workpieces, the mechanical properties of tubes 
are thereby different along the axial and hoop directions. 
According to ASTM E8—04 [1], the tensile properties of tubular 
products are determined from tensile specimen cut along the 
axial direction, which represent a limitation to probe the anisot- 
ropy of their mechanical behaviour. Contextually, miscella- 
neous testing methods have been adopted to assess the aniso- 
tropic plastic behaviour of tubular products such as: 1) flattening 
and tension test [2], 11) tube flaring [3], iii) tube inflation under 
axial load and internal pressure [4-6], iv) cone-wedge-ring- 
expansion [7, 8] and v) ring hoop tension test (RHTT) [9, 


10]. Among these methods, RHTT was found as attractive 
testing technique as the most trustworthy method owing to its 
relatively low-priced testing device and its relative similarity to 
the standard simple tensile test. However, the existence of high 
friction between the specimen and mandrel tool is the main 
challenge for this type of test to be directly used for the me- 
chanical characterization of tubular materials along hoop direc- 
tion. Indeed, for a high coefficient of friction, often the global 
response force vs. displacement is upward shifted, caused by 
the existence of frictional forces between the mandrel tool and 
the specimen acting during RHTT, and then the accurate deter- 
mination of the true stress- true strain curve is intricate. For all 
these reasons, the reduction of friction between the ring and the 
mandrel tool is one of the major issues that should be efficiently 
addressed and resolved. Hence, in the following, we focus our 
literature survey on the chief works that dealt with the friction 
problems and the attempted solutions to reduce the friction 
during RHTT. 

In 1972, Price carried out transverse tensile tests on the 
Zircaloy tubes using ring specimens with a single gauge sec- 
tion. A split D-piece assembly was employed and a Teflon 
sleeve between one D-piece and the test specimen section was 
applied to reduce the friction forces. Price assumed that the 
low frictional resistance of the Teflon allowed the applied load 
to be transmitted to the test section without any bending mo- 
ment, thus achieving circumferential stress distribution in the 
gauge section [11]. 

Arséne and Bai proposed three parts loading tool to stretch 
a ring specimen in the hoop direction. The third part is dog- 
bone insert between mandrels, as an efficient way to reduce 
bending [12, 13]. However, the contact between the specimen 
and the surface of the insert introduces significant frictional 
forces, which are crucial issues for such device fixture. The 
authors used finite element analysis to investigate the effect of 
friction between the ring and the three parts of the mandrel on 
the global response of the Zircaloy material. They revealed 
that the friction and the geometry of mandrels influenced the 
hoop stress response. Later, Arséne et al. [14] proposed a 
simple analytical expression of the hoop stress of the RHTT 
that involves the effect of friction using the FE method. Yoon 
et al. [15] performed ring hoop tensile test to determine tensile 
properties of filament-wound tubes. Carbon powders were 
equally spread over the contact surface to reduce the friction 
between the test fixture and the specimen. The friction pro- 
duces an unprofitable effect on the accuracy determination of 
the material behaviour. Seok et al. [16] conducted ring tensile 
tests and numerical analyses to calibrate the load— 
displacement curves for the ring specimen under friction con- 
ditions at several high temperatures. They affirmed that load- 
displacement curves are quite influenced by the friction, 
which is high temperature-dependent; despite of that, they 
adopted a friction coefficient equal to 0.15 at high tempera- 
ture. Walsh and Adams has developed a quadrant ring test 
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method to produce a relatively uniform stress distribution in 
the ring specimen for a composite material using a conven- 
tional tensile testing machine. Prior to testing, high-pressure 
molybdenum disulfide grease was applied to the inner surface 
of the ring specimen to minimize the effect of friction on the 
measured results [17]. He et al. [18] have established analyt- 
ical model to derive the normal and hoop forces in ring spec- 
imen during the RHTT taking into account the friction forces 
between the tool and the ring specimen. They showed that as 
the friction coefficient increases, the hoop tensile force signif- 
icantly decreased and resulting strains were mainly localized 
on both sides of the ring specimen. For low friction coeffi- 
cient, the hoop tensile force is quite homogeneous along the 
circumference of the ring. Later, the authors conducted ring 
hoop tensile tests at high temperature to determine the me- 
chanical properties of an AZ31B magnesium alloy tube. 
They found that friction forces between the D-block and the 
ring specimen induces necking outside the gauge length, 
where this phenomenon is enhanced at high temperature. In 
order to minimize the effects of the friction issue, an anti- 
friction coating spray was used [19]. However, at higher test- 
ing temperature, the efficiency of lubrication is drastically 
decreased and the choice of employing lubricants is reduced 
[20]. Desquines et al. [21] reviewed the main existing me- 
chanical methods addressed for determination of failure of 
fuel cladding materials. They used finite element analysis to 
reproduce the deformation responses and failure of these me- 
chanical tests and the authors concluded that among the 
existing test fixtures, the ring tensile test remains the preferred 
test to establish the stress-strain response with acceptable ac- 
curacy. Nevertheless, the high friction coefficient and the in- 
troduced non-uniform frictional forces preserve the main issue 
for that experimental procedure and then corrections on ex- 
perimental response should be carefully applied to obtain re- 
sults with acceptable accuracy. In addition, for irradiated clad- 
dings and without lubrication, authors found that the friction 
coefficient is as higher as the value 0.4. The use of Teflon 
(PTFE) tape could contribute to the reduction of the friction 
effects between the ring sample and D-shaped mandrels dur- 
ing test; nevertheless, its utilization has been limited by testing 
temperature to about 330 °C. Nagase et al. [22] conducted 
experimental work and numerical analysis on the effect of 
friction during the ring hoop tensile test on Zircaloy tubes. 
They found that when the friction coefficient is equal to 0.3, 
high localized strains were observed at two positions of the 
specimen gauge region, revealing the occurrence of a prema- 
ture necking. However, for a given friction coefficient value 
equal to 0.11, the deformation was occurred preferentially at 
the centre of the gauge region. The authors applied Teflon tape 
between ring specimen and mandrels and assumed that the 
current friction coefficient ranges between 0.02 and 0.04; 
then, the determined stress is about 5% higher than the stress 
actually installed. 
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Martin-Rengel et al. [23] have revisited the experimen- 
tal device for ring hoop testing of irradiated cladding. The 
setup was designed to prevent ring specimen bending. A 
3D finite element model was built to simulate the ring 
tensile test. To run numerical simulations, the authors as- 
sumed a friction coefficient equal to 0.125 without any 
given vindication for their choice; even though, they stat- 
ed that the ring tensile test is quite sensitive to this pa- 
rameter. Samal et al. [24] used two different mandrel 
setups to carry out the ring tensile tests. They investigated 
by numerical and experimental methods the efficiency of 
two loading setups to carry out ring hoop tests on 
Zircaloy-2 pressure tube. The first device fixture is a 
two part-mandrel and the second one is a three part-man- 
drel. They found that the resulting load for a given dis- 
placement was lower for the ring hoop test with three-part 
mandrel than that with two-part mandrel. Furthermore, the 
authors have used PTFE lubricant for reducing the fric- 
tional forces between the three-part loading setup and the 
ring specimen. Dick and Korkolis carried out the ring 
hoop test to determine the materiel behaviour of an alu- 
minium alloy AA6063-T5. They employed a classical D- 
block mandrels to test as-received rings and lathed the 
inner surface of rings (i.e., to obtain uniform circular 
rings). They noticed different test responses for both 
rings. They attributed this discrepancy to lathing process, 
which is expected to induce damage, as well as introduc- 
ing residual stresses in the tested rings [25]. To reduce the 
friction effect between the ring specimen and the fixture 
setup, they used oil and PTFE as lubricants. The friction 
coefficient was calibrated using a trial and error method 
by comparing the hoop strain distribution obtained by 
FEM to the one probed by digital image correlation 
(DIC) technique. The friction coefficient obtained was 
within the range of 0.09 and 0.12, which is relatively high 
and thus cannot be negligible. Al-Khaled and Barsoum 
investigated the effect of the friction on a notched tensile 
ring specimen, which was designed to determine the fail- 
ure locus of pipes. They found that the friction coefficient 
have a prominent effect on the magnitude of the tensile 
force [26, 27]. To reduce this effect, they polished the 
inner surface of the ring and applied a specific lubricant 
between the D-block mandrels and the ring specimen. 
Panicker et al. [28] employed the RHTT to determine 
the hoop strength of the redrawn cup wall made of Al- 
Mg-Si alloy. Before testing, the ring and the D-blocks 
interface were well lubricated, in order to minimize the 
friction forces, by wrapping two layers of Teflon sheet 
drenched with lubricating oil. 

Generally, it has been observed that, even with careful lu- 
brication of the contact surfaces between the ring sample and 
the mandrel tool, the frictional forces do not completely van- 
ish. The application of lubricants is not easily controlled; it 


induces non-uniform frictional forces that cause disparity in 
the ring tensile test response. Besides, for ring hoop experi- 
ments at high or room temperature conditions, the effect of the 
lubricant on the friction is limited in the range of testing tem- 
perature, as mentioned in Ref. [21]. 

It should be noticed that scarce papers have reported the 
mechanical design of new D-block mandrels or trying to mod- 
ify mandrel designs, with the aim to correctly address and 
resolve the friction issue and to significantly reduce its effect 
on the ring hoop tensile test results. 

In this paper, new mechanical design of D-shaped man- 
drels are developed to carry out ring hoop tensile test with 
strong friction reduction, without the usage of lubricants be- 
tween the ring sample and new mandrels. Basically, the initial 
D-shaped block mandrel was modified to reduce the contact 
surface between the mandrels and the ring specimen, in order 
to globally decrease the frictional forces effect on the material 
flow stress curve. Four new mandrel-types as well as the clas- 
sical D-shaped block mandrel were manufactured to carry out 
ring hoop tensile tests. The full-field measurement technique 
was employed to measure the hoop elongation within the 
gauge sample, during the ring hoop tensile test. Finite element 
analysis was performed to investigate the influence of the 
friction on the ring hoop tensile test results, considering the 
five mandrel-types. It was found that among the five-mandrel 
designs, one mandrel-type drastically reduces the global fric- 
tional forces between the ring sample and the mandrel. This 
mandrel was used to carry out the ring hoop tensile test and to 
perform the inverse identification of the strain-hardening pa- 
rameters of the AA6063 tubular material. The used inverse 
algorithm allows to isolate the friction effect on the intrinsic 
material behaviour (true stress —strain curve). The validation 
of the proposed methodology was performed, where the nu- 
merical results of ring hoop tensile tests match the experimen- 
tal responses. 


Description of the Specimen and New Mandrel 
Designs 


The ring hoop tensile test is based on the stretching of a ring 
specimen using a specific mandrel setup mounted on the ten- 
sile machine. The ring mainly presents a reduced area so- 
called gauge section, which allows the localization of strain 
distribution that the sample undergoes during the tensile test. 
The ring specimen was previously optimised to achieve the 
tensile strain path condition [29]. Figure | a) shows the draw- 
ing of the used ring specimen and Fig. | b) displays the clas- 
sical mandrel tool drawing, where the ring specimen is 
inserted into two semi-cylindrical metallic block (so-called 
D-shaped blocks), commonly used by several authors [9, 11, 
25, 30, 31]. Electro-discharge machine with wire cutting tech- 
nique is used to cut the ring specimen from annealed AA6063 
aluminium tubes, which has an outer diameter equal to 50 mm 


Fig. 1 a) Dimensions of the ring 
specimen; b) ring specimen into 
the classical D-shaped block 
mandrel 


and thickness equal to 2 mm. In this paper, this mandrel is 
referred as the “classical D-block” to distinguish it from the 
new proposed mandrels. 

The proposed new design of the mandrels is of two distinct 
types: 1) a Spur Gear-like D-Block (labelled as SG-LDB); 2) a 
Radial Needle Bearing —like D-Block (labelled as RNB- 
LDB). Basically, these developed D-block mandrel forms 
aim to considerably reduce friction without any lubrication 
usage and to avoid drawbacks related to the non- 
homogeneous lubrication of the contact surfaces (i.e., between 
ring sample and mandrels). For instance, when the test is per- 
formed at warm or high temperatures [30], the use of lubrica- 
tion is problematic, as the maximum allowable temperature of 
the Teflon tape is approximately 260 °C [20]. Figs. 2 and 3 
show the drawings of the four D-block-types that were 


Fig. 2 Drawings of the: (a) SG- 
LDB7T mandrel; (b) SG-LDB9T 
mandrel 
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designed and manufactured. The first one, shown in Fig. 2 
a), is labelled SG-LDB7T, and has seven teeth. Each one 
has a radius of 3.08 mm, and evenly distributed along the 
circumferential contour at an angle of 27.75°. The second 
one, presented in Fig. 2 b), is so-called SG-LDB9T and has 
nine teeth distributed regularly along the circumferential con- 
tour with an angle of 20° between them and a radius of 
2.5 mm. 

For the two RNB-LDB mandrels, the gear-like teeth were 
substituted by roller elements, and two configurations of the 
integration of nine roller elements into the mandrel were con- 
sidered. The first version of RNB-LDB mandrels is referred 
RNB-LDBV1, where nine cylindrical grooves were machined 
to locate nine cylindrical rods and thus constituted the needle 
rollers, as depicted in the drawings in Fig. 3a). The second 
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Fig. 3 Drawings of the: (a) RNB-LDBV1 mandrel; (b) RNB-LDBV2 mandrel 


version of the RNB-LDB mandrels is labelled RNB-LDBV2. 
In this case, the mandrel is constituted of two identical flanges 
and polished surfaces of nine rods, which are the roller ele- 
ments. Each flange has nine drilled and finely polished holes 
with a diameter of 5.26 mm, regularly spaced to receive the 
roller elements, as shown in Fig. 3b). The roller element, 
which has a length of 30 mm and a diameter of 5 mm, freely 
rotates in its lodgement with reduced friction. The aim of the 
different proposed mandrels is to enlarge the spectrum of the 
experimental and numerical investigations and to access the 
influence of friction between the ring specimen and the man- 
drels on the RHTT response using these new designed man- 
drels. It is worth mentioning that during the experimental ring 
hoop tensile test, neither lubrication was applied on the man- 
drels nor lathing or polishing was used for the inner surface of 
rings; however, only surface polishing was utilized to reduce 
surface roughness for the new designed mandrels. 


Analytical Formulation 
Equilibrium Analysis of RHTT 


During the RHTT, the ring sample wrapped around two D- 
shaped blocks and the upper part is subjected to vertical up- 
ward force P. The gauge of the ring specimen is assumed to 
undergo a stretching load and thus shear force and bending 
moment are null. Fig. 4 shows a sketch of the upper D-shaped 
blocks and the applied force P, which induces a tangential 
force to stretch the ring. However, because of the friction 
between D-shaped blocks and the ring specimen, the distribu- 
tion of the tangential force is not uniform and depends on the 
angular position @ and the friction coefficient. So, it is im- 
portant to know, for a given friction coefficient 41, and an 
angular position 6 of the centre of the sample gauge, the tan- 
gential force, which achieves a quasi-uniform tensile force. 


Considering the radial and hoop equilibrium of an infini- 
tesimal element within the ring sample gauge, and for a given 
friction coefficient j1, as shown in Fig.4, the following equa- 
tions can be deduced: 


veo-F(8 + ) “oO (+2) ae 
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whereN(6), 7(@) represent the normal and tangential forces, 
respectively; assuming the Coulomb friction law, the tangen- 
tial friction force is written as follows: 


(8) = uN (6) (2) 


F(@) represents the hoop tensile force and, for a given in- 
finitesimal angle variation d@, the equilibrium equations 
expressed in Eq.1, allows to write: 


uF (0)d0 + dF = 0 (3) 


Considering the boundary condition for@ = 0, the hoop ten- 
sile forceF'(0) = (£); wherePis the applied vertical upward 
force. Thus, the solution of the differential equation Eq. 3 is 
given as follows: 


F(0) = 5 exp(-10) (4) 

Using the Eq. 4, for a frictionless condition (= 0), the 
tangential force is uniform along the circular arc; thus, the 
specimen will deform homogeneously, whatever the value 
of the angular position. Moreover, the greater the friction 
coefficient, the larger the variation of the tangential force 
and, as a consequence, the deformation is mainly occurred 
on both sides, as it was reported by Yuan et al. [32] and 
Zhou et al. [33]. 
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Fig. 4 Analytical modelling of RHTT: half model of the ring with mandrel and a close up of the differential element of the ring specimen for the 


derivation of the hoop tensile force F(0) 


For instance, given an angle @varying in the angular 
range between 30° and 60° and for friction coefficient 
u=0.05, 0.1, 0.15 and 0.5, the calculated variation of 
the stretching force F is about 2.4%, 4.6%, 6.6% and 
16%, respectively. Thus, the centre of the gauge specimen 
is chosen to be located at angular position of 45° and 
efficient measures should be taken to decrease the friction 
coefficient less than 0.1 in order to obtain quasi- 
homogeneous hoop tensile force and then efficient ring 
hoop testing tool. Besides, an alternative approach was 
proposed by He et al. [18] to derive an analytical model 
for the RHTT, where the authors established relationships 
that relate the tangential and normal forces and the fric- 
tion coefficient between the ring and the D-blocks. A 
similar trend was obtained in both calculations, but the 
present approach seems simpler than the model proposed 
by He et al. [18]. Finally, it is very clear that the main 
concern in the RHTT using the D-shaped blocks is the 
friction which should be drastically reduced to vanish 
the tangential frictional forces and thus to directly obtain 
accurate mechanical properties from the RHTT of thin- 
walled tubular materials. 


Stress and Strain Derivation 


The establishment of the true stress-strain curve of the material 
in the hoop direction is based on the record of the global 
vertical upward force P, applied by the tensile machine, and 
the curved elongation of the gauge area of the ring sample. It is 
possible to record the global elongation A/=/—/o of the 
gauge section during the test using a curved extensometer, 
where / is the actual length of the stretched arc, and Jp is the 
initial length of the gauge section. Thus, the true strain along 
the arc and in the hoop direction is calculated commonly as 
follows: 
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o=n(1 +4) (5) 


The calculation of true stress o is based on the determina- 
tion of the internal hoop tensile force F or stretching tension, 
and given as follows: 


_ F(0) _ Pexp(-n0) _ (Pexp(-n) 
owt 2w.t 2wo.to 


Jewe) 6) 


where w, f andwo, fo are the actual width and thickness and 
initial width and thickness of the gauge section, respectively. 
In the current study, the initial width is wo= 3.80 mm and the 
thickness is fg = 2.0 mm. 


Experimental Details 


Uniaxial tensile tests were carried out on standard samples cut 
from the tube along axial direction, according to ASTM E8— 
04 [1]. The electrical discharge machining (EDM) technique 
was used to accurately obtain dimension samples and to avoid 
any induced residual stress that could occur within the sample 
when using conventional machining techniques. Beforehand 
tensile testing, a random black speckle pattern was applied on 
the sample surfaces to monitor the strain data using ARAMIS 
equipment (3D digital image correlation (DIC) system). 
Tensile tests were carried out at stroke rate of 5 mm/min using 
INSTRON 4206 universal tensile machine. For anisotropy, 
Lankford coefficients along three directions 0°, 45° and 90° 
with respect to the reference direction (i.e., axial direction) 
were determined in previous work. 

The ring hoop tensile tests were carried out using the 
new designed mandrels and performed at room tempera- 
ture by means of the universal tensile machine with a 
cross-head speed equal to 5 mm/min. Figure 5 shows 
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Fig. 5 The manufactured mandrels: a) the fixture tool and the classical D-shaped blocks; new mandrels: b) SG-LDB7T; c) SG-LDB9T; d) RNB- 


LDBV1; e) RNB-LDBV2 


the different fixture devices used for the ring hoop tensile 
test. A part of the classical D-shaped blocks, together with 
the fixture parts, is connected to the tensile machine jaws 
(Fig. 5a); Figs. 5 b), c), d) and e) show the new mandrels 
that hold the ring specimen, SG-LDB7T, SG-LDB9T, 
RNB-LDBV1 and RNB-LDBV?2, respectively. The centre 
of the ring specimen is positioned at an angle of 45° 
relative to the horizontal direction (see, e.g., Fig. 4). The 
angle 45° was chosen for better exposition of the centre of 
the gauge area to the cameras of the DIC system to make 
easy the acquisition of the strains during the RHTT. Two 
high-resolution cameras were used to acquire the stereo 
digital image correlation of the strain fields, during the 
ring specimen test. A calibration procedure of the two 
cameras, using a cubic calibration panel, is executed to 
perform a stereo correlation digital image acquisition 
[34]. The ring tensile tests were repeated for each mandrel 
at least three times to ensure the repeatability of the ex- 
perimental results, an average load-displacement curve is 
considered. 

To measure the actual experimental elongation (arc length) 
of the ring gauge zone, a virtual extensometer was created by 
means of ARAMIS system, as displayed in Fig. 6. Thus, an 
average hoop strain is evaluated during the ring hoop test. The 
load P is recorded by the acquisition system connected to the 
tensile machine. 


Finite Element Modelling 


The simulation of the ring hoop tensile test is carried out using 
ABAQUS standard finite element code and building the new 
designed mandrels’ models. The aim of this simulation is to 
investigate the stress state in the gauge section of the ring 
specimen taking into account the complex friction condition. 
In this context, five finite element models were built corre- 
sponding to the five designed mandrels. ABAQUS surface to 
surface contact (mandrel/ring) was used; the master slave sur- 
face is attributed to the mandrel and the slave surface is 
assigned to the ring. The penalty method and Coulomb fric- 
tion model were used. This penalty method approximates hard 
pressure-overclosure behaviour [35]. Four values of the fric- 
tion coefficient were used for the five mandrels. 

The mandrels were represented with discrete rigid shell 
body and were meshed with 3D bilinear 4 node rigid quadri- 
lateral elements (R3D4). A reference point was assigned to 
each mandrel, which represents the location point where the 
load and the displacement were acquired. Considering the 
material and geometrical symmetry, a half of the specimen 
was considered in the finite element model. The ring is 
modelled as a 3D deformable continuum solid body. It was 
meshed using three dimensional 8-node hexahedral continu- 
um elements (C3D8R) with reduced integration and hourglass 
control. Five layers of elements were used through the ring 


Fig. 6 Creating local virtual 
extensometers to probe the arc 
elongation on the ring gauge 
section 


thickness to efficiently capture the evolution of the radial 
stresses and strains. The size of 1 mm surface element was 
used to mesh the ring and the refinement with elements size of 
0.3 mm was applied in the gauge section (see, Fig. 7). This 
discretization was verified to provide enough accuracy of the 
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Arc length 


finite element solution for a reasonable time of simulations. 
The ring specimen has an outer diameter and an initial thick- 
ness of 50 mm and 2 mm, respectively. 

For building the finite element models of the RNB-LDBV1 
and RNB-LDBV2 mandrels, particular attention was paid to 
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Fig. 7 Mesh of the finite element models: a) Classical D-Blocks; b) SG-LDB7T; c) SG-LDB7T; d) RNB-LDBV1; e) RNB-LDBV2 
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achieve simulation as close as possible to real case. Indeed, for 
these particular mandrels, the rollers are considered as 3D 
deformable elastic continuum solids. The Young’s modulus 
is 230 GPa and the Poisson’s ratio is 0.3. A master-slave 
contact interaction is assigned between the inner surface of 
the ring specimen and the outer surface of the rollers with 
Coulomb-type friction law. The value of the friction coeffi- 
cient between the mandrels and the ring specimen ranges be- 
tween 0.01 and 0.13 for the different numerical simulations. 
This range of values of the friction coefficient was chosen, 
because no intentional lubrication was applied during the ex- 
perimental ring hoop tensile test. Thus, this range of friction 
coefficients corresponds to the common values that represent 
the friction between metallic surfaces with usual roughness 
surface conditions. In addition, another contact surface was 
assigned to the interface between the flange (slave) and the 
extremity of the roller element (master), where boundary con- 
ditions are set in a manner that a freely rotation of the rollers is 
possible along the z-axis (rotation axis) due to tangential fric- 
tional forces between the rollers and the sample. The free 
roller rotation is constrained by a penalty option, for which a 
friction coefficient 1 = 0.02 and hard contact behaviour, were 
considered between the rollers and the flanges. Taking ac- 
count in the simulation of such imposed conditions, we at- 
tempt to achieve a FE model that mimics the experimental 
conditions and then it could be as realistic as possible to be 
able to reproduce experimental results. The value of the cho- 
sen friction coefficient (t= 0.02) was approximated based on 
some well-known values found for the roller bearings [36, 
37]. 

For all simulations, two steps are considered. In the first 
step, small displacements are assigned to the upper and lower 
parts of the mandrel to eliminate the gap between the ring and 
the D-block tool. In the second step, the lower D-block is 
fixed, while the upper part is moving upwards with a displace- 
ment d to imitate the jaws displacement of the tensile machine. 

The description of the material behaviour is based on the 
assumption of an elastoplastic constitutive model. The gener- 
alized Hook’s law describes the isotropic elastic tube behav- 
iour (E = 68.9 GPa, v=0.33). The Hill48 yield criterion de- 
scribes the anisotropic plastic behaviour and the Swift isotro- 
pic strain-hardening law describes the material hardening. 
Assuming a plane stress state, the Hill48 yield criterion is 
written as follows: 


(G+ H)o?,-2Hoz,009 + (H + F)o%+2N7%,=Y? (7) 


where, o--, O99 and T 9, are the Cauchy stress tensor compo- 
nents defined in the orthotropic coordinate system. Y = Y 
(E,) represents the work-hardening law and the parameters 
F, G, Hand N are the Hill48 anisotropy parameters. The tube 
axial direction is assumed as the reference direction, and then 
the condition (G + H) = 1 is considered. The strain-hardening 


curve, Y= Y (E) is assumed corresponding to the uniaxial 
tensile test along axial direction of the tube. The Hill48 an- 
isotropy parameters can be expressed using the Lankford’s 
anisotropy coefficients rp, 74sand 799, which are measured 
experimentally using uniaxial tensile tests carried out in three 
directions relative to a given reference direction assigned as 
the 0 degree direction. The Hill48 anisotropy parameters as a 
function of Lankford’s anisotropy coefficient are given as fol- 
lows: 


1 
a T= PF =—— and N 
1+70 1+1r0 


(1 + ro)ro0 
_ (1 + 2ras) (To + r90) 
— 2(1 + ro)roo (8) 


The Swift law is considered suitable to describe the strain- 
hardening behaviour of the tubular material: 


Y= K (20 f es) (9) 


where K, 7 and € are the material parameters, with the yield 
stress given by Yo = Keo. 


Inverse Identification Methodology 


In this section, we propose an inverse identification procedure 
to obtain the flow stress curve of the tube along the hoop 
direction, simultaneously with the accurate determination of 
the friction coefficient inherent to the experimental response 
(load vs. displacement) of ring hoop tensile test. This proce- 
dure is applied to this experimental test using the RNB- 
LDBV2 mandrel, since it was observed from the experimental 
and numerical results that, this mandrel reduces the global 
upward force applied by the tensile machine, when compared 
to the other mandrels, which means in other words, a decrease 
of the friction coefficient. Similar procedure will be applied to 
the classical D-block mandrel to compare the results obtained 
using both mandrels. 

The proposed inverse identification methodology takes ad- 
vantage of the finite element method to simulate the RHTT and 
the Box-Behnken design for experiments (DoE) technique to 
create the database of numerical responses for the ANN model 
learning purpose. Figure 8 shows the flowchart of the proposed 
inverse identification method. The finite element models built 
for RHTT were detailed in the previous section. 

The finite element simulation results represent the database 
of the ring hoop tensile test that is used for the training of the 
ANN model [38]. The numerical design of the experiments is 
mainly based on the variation of three factors representing the 
material parameters (Koo, N99 and do9) and the friction coeffi- 
cient (i). The index 90 refers to the hoop direction that is 
orthogonal to the tube axial direction (the reference direction 
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Table 1 Lower, middle and upper bounds for the material parameters 


and friction coefficient 
Parameter 


Koo (MPa) 


Noo 
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40 

0.07 
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0.13 
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of anisotropy directions). Three levels of the design factors 
were chosen and listed in Table 1. Box-Behnken design 
(BBD) is preferred as it reduces the number of the numerical 
database, without loss of accuracy; then 15 simulations were 
running. Table 2 presents the design matrix using (BBD) to 
generate the respective numerical simulation for ANN training 
model. The output simulation results are the curves force vs. 
displacement. 
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Table 2 Design matrix using Box-Behnken design methodology 


Run order Koo (MPa) N99 Oo9(MPa) Lb 

1 200 0.20 30 0.07 
2 240 0.20 30 0.07 
3 200 0.30 50 0.07 
4 240 0.30 50 0.07 
5 200 0.25 40 0.01 
6 240 0.25 40 0.01 
7 200 0.25 40 0.13 
8 240 0.25 40 0.13 
9 220 0.20 30 0.01 
10 220 0.30 50 0.01 
11 220 0.20 30 0.13 
12 220 0.30 50 0.13 
13 220 0.25 40 0.07 
14 220 0.25 50 0.07 


15 220 0.25 30 0.07 


Artificial neural networks (ANN) are nonlinear mapping 
systems that perform specific mathematical functions, such 
as nonlinear function approximation between input and output 
variables [39]. They are composed of fully interconnected 
multilayers consisting of neurons as the basic element [40]. 
The standard feed-forward back-propagation neural network 
(FF-BPNN) method and Levenberg-Marquardt (LM) algo- 
rithm are used to update the weightings and biases of the 
ANN, since it converges very fast with high accuracy of 
prediction. 

The training of the network by back-propagation involves 
three stages: the feed-forward of the input training pattern, the 
back-propagation of the associated error, and the adjustment 
of the weights [41]. The back-propagation algorithm orga- 
nises the artificial neurons in layers and provide their signals 
“forward” and then errors are supposed to be promulgated 
backwards [42]. The training procedure is based on gradient 
descent search to satisfy the condition of minimizing the mean 
squared error (MSE) over all the training samples. 

One hidden layer was used and the 10 neurons of the hid- 
den layer were found by employing a trial and error procedure, 
since there is no well-established procedure for finding the 
exact number of neurons for the hidden layers [43]. The 
Tan-sigmoid (Tansig) and linear (Purelin) transfer functions 
were used in the hidden and output layer. Prior to training, the 
input and output data were normalized with linear scale trans- 
formation to increase the performance of the ANN and to have 
the dataset in a comparable range, so that to speed up the 
training process. The ANN architecture consists of 15 input 
curves or samples corresponding to the reaction forces (RF;) 
(i =1.. 20) extracted from the numerical simulations of the 
RHTT). Each force is composed of 20 data points correspond- 
ing to an imposed displacement increment of 0.2 mm 


throughout the displacement axis of 4 mm. To summarize, 
20 neurons is used in the input layer, one hidden layer with 
10 neurons and 4 neurons in the output layer (corresponding 
to Koo, 90, 799 and ju) as shown in Fig. 9. Table 3 summarizes 
the ANN model specifications. It is worth to note that owing 
to the limited data used for training, back propagation along 
with Levenberg-Marquardt optimization and Bayesian regu- 
larization was employed to build the ANN model. Even if 
Bayesian algorithm is time consuming; however, it is suitable 
for training with restricted data. The Bayesian criterion was 
used for stopping the training and no need for validation sub- 
sets [44]. This ANN model was designed with Matlab Neural 
Network Toolbox™ 7. 

The efficiency of the built ANN model for predicting the 
strain-hardening parameters and the friction coefficient was 
evaluated in terms of the mean squared error (MSE) 
parameter. 


Results and Discussion 


Firstly, the tube was characterized in tension along the tube 
axial direction. The fitted parameters of the Swift strain- 
hardening law along this direction are: Ky = 186.6 MPa, 
No = 0.23 and Yo = 38 MPa (initial yield stress along the axial 
direction). Besides, the Lankford coefficients along three di- 
rections 0°, 45° and 90° with respect to tube axial direction 
were determined. The values of these coefficients are, respec- 
tively: r9=0.322, ro9=0.485 andr4s=0.711. The usage of Eq. 8 
allows calculating the Hill48 anisotropy parameters: F = 
0.5095, G= 0.7564, H = 0.2436 and N = 1.5331. 

In addition, the load vs. displacement curves were obtained 
in the experimental ring hoop tensile test for the five mandrels, 
as shown in Fig. 10. The curve of the classical D-block man- 
drel reveals a higher load level compared to the other tests. 
The ring tensile curves obtained using RNB-LDBV1 and 
RNB-LDBV2 mandrels exhibit a shift in the right direction, 
when compared to the classical D-block, SG-LDB7T and SG- 
LDB9T mandrels. 

Indeed, the ring tensile curve obtained using RNB-LDBV2 
mandrel, was shifted on the right direction compared to the 
other curves, the delay of the rapid increase of the applied 
force P to plastically deform the ring are attributed to the free 
rotation of roller elements in contact with the gauge section of 
the ring. Some rollers rotate in one orientation; whereas, the 
others rotate in the opposite orientation. One roller element is 
immobile (almost at the central position of the sample gauge 
section) and located between the rollers rotating in opposite 
orientations. The immobility of the latter roller element (1.e., 
roller n° 3, see Fig. 11a) is due to an equilibrium obtained by 
the action of opposite frictional forces applied in the tangent 
point between ring/roller, resulting from the hoop tensile force 
F acting up on both strands of the ring (gauge section 


Table 3 A summary of the 
parameters that define the ANN 
model 


Type 


Learning system 
Training function 
Adoption learning function 


Activation functions 


Number of layers 
Number of hidden neurons 


Performance function 


extremities), as shown in Fig. 11 a. The rotation of roller 
elements was also driven by the existing frictional forces 
(t= 0.12) between the ring and roller elements and eased by 
the almost frictionless contact (4 =0.02) between the roller 
elements and flanges that hold the roller elements. On one 
hand, the grip of the sample against the mandrel due to the 
friction, and on the other hand the facility of rollers rotation 
results in an eased material flow to feed the plastic deforma- 
tion along the gauge sample with lower tensile force, since the 
frictional forces act locally in linear contact (ring/roller) in the 
same direction. This is contradictory with the other cases of 
mandrels such as SG-LDB9T mandrel, when the frictional 
forces are acting in opposite direction with the applied ring 
tensile force, and then leading to an increase of this force to 
defeat the frictional forces (ring/mandrel) impeding the mate- 
rial flow (see, Fig. 11 b). It is worth to note that the free 
rotation of roller elements was intentionally desired in the 
design of the new mandrel-type RNB-LDBV2 to almost 
supress the effect of frictional forces oriented against the ring 
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tensile force F, to consequently decreases the vertical upwards 
force P applied by the tensile machine. Compared to RNB- 
LDBV2, the RNB-LDBV1 mandrel, for instance, has less 
ability for reducing the applied vertical force P. The cylindri- 
cal contact surface between roller elements and the grooves 
machined in the D-block makes their rotation somehow hinder 
than for the roller elements used in the RNB-LDBV2 man- 
drel-type. Consequently, the usage of rollers diminishes the 
contact area between the ring sample and the mandrels; how- 
ever, their free rotation around their axis should be with less 
friction as possible by, for instance, reducing the contact area 
and guarantee a smooth surface polishing. 

In order to evaluate the effect of the friction on the re- 
sponse of the ring hoop tensile test using the different sets 
of mandrels, a comparison was made between finite element 
simulations using four friction coefficients equal to 0.2, 0.12, 
0.02 and 0.0, respectively. Figure 12 shows that the higher 
the coefficient of friction, the higher the level of the force- 
displacement curve of the RHTT response. In addition, the 


Output layer 


Input layer Hidden layer 


Exp Tech 


Fig. 10 Experimental load- 
displacement curves obtained 
with the different mandrels 


2000 


1500 


response curves are further apart when the coefficient of fric- 
tion increases. In contrast, when the friction coefficient is 
very low, the curves are quite similar whatever the mandrel 
used. Moreover, the curve obtained for the RNB-LDBV2 
mandrel is the lowest for the highest value of friction coeffi- 
cient. In other words, the use of this mandrel significantly 
decreases the applied global effort (i.e., identical to that ap- 
plied by the tensile machine). It is worth noting that the nu- 
merical curves present trends and relative positions similar to 
those observed in the experimental ones. Additionally, the 
efficiency of the RNB-LDBV2 mandrel diminishes when the 
coefficient of friction is very low or equal to zero. In order to 
quantitatively assess the performance of the mandrels in re- 
ducing the frictional forces between the sample and the man- 
drel, the numerical results were further exploited. Table 4 
shows the maximal force attained in the RHTT simulation 
for the five mandrels, and obtained for the four cases of the 
friction coefficient. Besides, the relative variation of the 


Fig. 11 Schematic drawing for 
two mandrel tools and a) 
representing the mandrel portion 

where the ring sample is in 

contact with the mandrel during 

the tensile test and indicating the 
frictional forces between for both 
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maximum force obtained for each mandrel and that obtained 
for the classical D-block mandrel (AF/F max )is also indicated 
in Table 4. The classical D-block mandrel is considered as a 
reference tool to compare its performance with those of the 
other mandrels. For a friction coefficient equal to 0.2, the 
maximal force variation is about—20.5% for RND-LDBV2 
mandrel. This value decreases as the friction coefficient de- 
creases. It is about —0.63% for a friction coefficient equal to 
0.0. Thus, in the frictionless case, the mandrel efficiency 
vanishes since the performance of mandrels is similar. 
Table 4 allows also the analysis of the efficiency ranking of 
the mandrels. The RND-LDBV2?2 is the more efficient man- 
drel, able to significantly reduces the friction when it is high, 
(i.e., in cases without lubrication; at high temperature, for 
instance) compared to RND-LDBV1, SG-LDB7T and SG- 
LDB9T mandrels. The classical D-block mandrel is in 
general the worst mandrel, especially when the coefficient 
of friction is high. 
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Table 4 Comparison between the 


values of the maximal force and F Tiction 1=0.2 H=0.12 1=0.02 1=0.0 

its relative variation with respect coefficient 

to the classical D-block mandrel, Mandrel Max AF/Fmax Max AF/Fmax | Max AF/ Max AF/ 

obtained by numerical load load load Frnax load Firnax 

simulations, for the following (N) (N) (N) (N) 

values of the friction coefficient: 

0.0, 0.02, 0.12 to 0.2 Classical DB 2503.52 0.0% 2258.21 0.0% 1978.42 0.0% 1828.72 0.0% 
SG-LDB9T 2446.84 —2.26% 2145.56 4.98% 1933.91  -2.24% 1827.16 —0.08% 
SG-LDB7T 2365.46 —5.51% 2120.42 —6.10% 1905.73 -3.67% 1820.08 -0.47% 
RNB-LDBV1 = 2077.14 = —17.03% 2050.95 —9.17% 1837.22 -7.13% 1811.63 -0.93% 
RNB-LDBV2 1989.62 —20.52% 1888.45 -16.4% 1830.35 —-7.48% 1817.14 -0.63% 


Inverse Identification Based ANN Model and DoE 


The RNB-LDBV2 mandrel is used to carry out RHTT and the 
results are used to identify the values of the hardening param- 
eters and the friction coefficient. Figure 13 shows the set of 
numerical simulation results of force vs. displacement, obtain- 
ed using the input data listed in Table 2 to run numerical 
simulations using the RNB-LDBV2 mandrel. The experimen- 
tal curve is within this dataset, used for training the ANN 


model. This means that, the unknown parameters are within 
the range of input variables used for building the ANN model 
(see, Table 1). Then, the constructed ANN model has a high 
probability of producing reliable results that interpolate the 
experimental data. Similarly, the procedure used for the 
RNB-LDBV2 mandrel was applied to the classical D-block 
mandrel, and ANN model was also built for this purpose. 
Seeking for simplicity, only final identified results are present- 
ed for this mandrel. 
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Fig. 12 Numerical response, force vs. displacement of the RHTT using the different mandrel tools and obtained for different friction coefficients: a) 0.2; 


b) 0.12; c) 0.02; d) 0.0 
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Fig. 13 Numerical load- 2500 
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The training and validation performance of the ANN model 
are achieved up to 60 epochs (i.e., the number of passes of the 
entire training dataset the ANN algorithm has completed) for 
which MSE is less than 0.0001, which indicates a good per- 
formance of the trained ANN to predict accurately the output 
parameters. Then, the built ANN model was used to predict 
the strain hardening parameters and friction coefficient, for 
which the experimental force (20 input data) was introduced 
in the ANN model, as mentioned in section 6. 

Table 5 lists the identified parameters obtained using the 
built ANN models for the RNB-LDBV2 and classical D-block 
mandrel. The strain-hardening parameters of the material are 
remarkably identical; however, the friction coefficient obtain- 
ed with the RNB-LDBV2 mandrel is particularly low (u 
=0.011) in contrast to that obtained with the classical D- 
block mandrel (4 =0.111). Due to the very low friction, it is 
possible to identify the material parameters using the RNB- 
LDBV2 mandrel, directly from the mechanical global re- 
sponse (F-d), without considering the friction. The obtained 
results highlight the efficiency of the identification method 
based on the ANN technique and confirm that the new devel- 
oped mandrel reduces drastically the frictional forces between 
the mandrel/specimen interfaces. 


Table 5 Material parameters and friction coefficients identified by the 
inverse method, for RNB-LDBV2 and classical D-block mandrels 


Parameters RNB-LDBV2 mandrel Classical D-block mandrel 
Koo (MPa) 223.92 223.41 

Ngo (—) 0.238 0.231 

Jo9(MPa) 41.2 43.0 

H(-) 0.011 0.111 
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Comparison between Predicted and Experimental 
Results 


The numerical simulations of the ring hoop tensile test 
using the RNB-LDBV2 and the classical D-block man- 
drels were carried out using the identified values of the 
effective friction coefficient (u= 0.011 and 0.111) and the 
hardening material parameters, listed in Table 5. 
Figure 14 shows the comparison between the experimen- 
tal load-displacement and the numerical response obtained 
using the RNB-LDBV2 mandrel (see, Fig. 14 a) and the 
curves obtained using the classical D-block mandrel (see, 
Fig. 14 b). The numerical results are in good agreement 
with the experimental responses. 

Figure 15 shows both experimental (Fig. 15 a) and numer- 
ical (Fig. 15 b) equivalent plastic strain distribution in the 
gauge section of the ring specimen using the mandrel-type 
RNB-LDBV?2. These results are obtained for the maximum 
applied force P of about 1820 N. For this given force, it is 
observed on both experimental and numerical responses, the 
necking of the gauge sample. The numerical solution is in 
good accordance with the experimental results, since the 
reached equivalent plastic stain is similar in both cases. 

Figure 16 shows the true stress — strain curves of the 
studied tubular material. These results are obtained using 
several methods by the usage of the RNB-LDBV2 man- 
drel. The experimental curve (black solid square symbol) 
corresponds to the true stress-true strain curve along the 
hoop direction, which is calculated using the analytical 
equations (see, Eqs. (5) and (6)) based on the measure- 
ment of the force P applied by the tensile machine and the 
arc elongation using the DIC technique. Seeking for sim- 
plicity, friction coefficient is assumed zero in this case. 
This assumption is justified based on the inverse analysis, 
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which allowed us to conclude that, for the RNB-LDBV2 
mandrel, the friction coefficient is too small (u=0.011), 
and so can be approximated in the analytical calculus to 
zero. This analytical response is in good agreement with 
the curve obtained using the Hill48 yield criterion and the 
simulated curve (curve plotted with red solid line) by 
finite element method using the identified parameters 
(i.e., inverse method). In addition, the uniaxial tensile test 
in the tube axial direction is plotted (blue solid line) for 
comparison purpose, which highlights the material flow 
stress anisotropy. 
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Based on these findings, it is clearly observed the 
good agreement between the experimental, the predicted 
curve using inverse method based on ANN model and 
the calculated response curve derived by analytical 
method. The present study offers a beneficial mandrel 
to carry out RHTT without lubricants, which is able to 
drastically reduce the friction effect and then to directly 
determine the true stress-strain curve along tube hoop 
direction with indifference of the existing friction be- 
tween the inner surface of the ring and the mandrel 
contact surface. 
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Fig. 15 Contours of the 
equivalent plastic strain 
distribution within the specimen 
of the RHTT using RNB-LDV2 
mandrel obtained for an applied 
maximal force of 1820 N, where 
appears the necking in the gauge 
zone: a) experimental results; b) 
numerical results 


Conclusion 


The main purpose of the ring hoop tensile test is to 
accurately determine the mechanical properties of tubu- 
lar materials along the hoop direction. However, the 
friction between the inner surface of the ring specimen 
and the classical D-shaped block mandrel alters the ob- 
tained mechanical response. In this paper, we developed 
four new mandrel designs to support the ring specimen 
during ring hoop tensile test in order to reduce the 
frictional forces acting between sample/mandrel. The ba- 
sic idea is to reduce the contact surfaces (i.e., decrease 
the resultant global contact frictional forces) between 
the ring specimen and the mandrel tools. Therefore, 
spur gear-like D-block tools and radial needle bearing 
—like D-block mandrels were developed to carry out 
ring hoop tensile test. The experimental and numerical 
force —displacement curves showed that, among the test- 
ed mandrels, the RNB-LDBV2 mandrel is the most 
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advantageous, as it significantly reduces the frictional 
forces to nether levels. Furthermore, this mandrel was 
used to carry out the ring hoop tensile test in order to 
identify the effective material parameters and to derive 
the small value of the inherent friction coefficient. An 
inverse identification method was developed, which 
combines design of experiments, finite element analysis 
and ANN model. The advantage of this method is its 
ability to segregate from the force —displacement curve 
(global response) of the ring hoop tensile test, the fric- 
tion coefficient and the hardening material parameters. 
The comparison between numerical, analytical and ex- 
perimental results corroborate the efficiency of the new 
developed mandrel for reducing friction. Finally, the 
present investigation aims to provide a useful fixture 
tool to perform RHTT without the usage of lubricants 
and a parameter identification methodology to determine 
the flow stress curve along the tube hoop direction with 
indifference of the existing friction. 


Fig. 16 Comparison between the 
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